Damage to the corticospinal tract (CST) in stroke patients has been associated with functional reorganization in the ipsilesional and contralesional sensorimotor cortices. However, it is unknown whether a quantitative relationship exists between the extent of structural damage to the CST and functional reorganization in stroke patients. The purpose of the current study was to examine the relationship between structural CST damage and motor task-related cortical activity in chronic hemiparetic stroke patients. In 10 chronic hemiparetic stroke patients with heterogeneous lesions, CST damage was quantified using conventional structural magnetic resonance imaging and tractography based on diffusion tensor imaging. Cortical activity was measured using functional magnetic resonance imaging during repetitive flexion/extension movements of the digits. We found that the two measures of CST damage were strongly correlated. Moreover, greater CST damage was significantly and linearly correlated with increased activation during affected hand movement in the hand area of the contralesional primary sensorimotor cortex (M1/S1) and in the ipsilesional M1/S1 ventral to the hand area. To our knowledge, this is the first demonstration of a quantitative relationship between the extent of structural damage to the CST and functional reorganization in stroke patients. This relationship was observed in stroke patients with heterogeneous lesions, suggesting that CST damage is a factor relevant to the variation in functional reorganization in the clinical population.
Damage to the primary motor cortex (M1) and/or its efferents that travel along the corticospinal tract (CST) impairs motor performance of the digits (Hepp-Reymond and Wiesendanger, 1972; Wenzelburger et al., 2005) . Recovery of motor skill after focal damage to the M1 or CST has been shown to be paralleled by functional reorganization in intact sensorimotor cortices of the ipsilesional and contralesional hemispheres (Frost et al., 2003; Gerloff et al., 2006; Jaillard et al., 2005; Lotze et al., 2006; Loubinoux et al., 2003; Nudo and Milliken, 1996; Tombari et al., 2004; Weiller et al., 1993) . Animal studies have shown that the extent of focal damage to the M1 results in a proportionate level of functional reorganization in remote cortices (Biernaskie et al., 2005; Dancause et al., 2006; Frost et al., 2003) . A few animal and patient studies have explicitly demonstrated that functional reorganization in remote sensorimotor cortices after focal damage to the M1 or CST is involved in compensating for the lesioninduced deficits in motor behavior (Biernaskie et al., 2005; Fridman et al., 2004; Frost et al., 2003; Lotze et al., 2006) .
The lesion in hemiparetic stroke patients, however, is typically not limited to the M1 or CST. Rather, the location and size of the lesion among patients are generally quite heterogeneous. Paralleling this lesion heterogeneity, patterns of functional reorganization among hemiparetic stroke patients tend to vary greatly. One factor shown to influence the pattern of functional reorganization in hemiparetic stroke patients is whether the M1 was spared or damaged; a stroke involving damage to the M1 has been associated with greater enhancement of motor task-related functional activity in the contralesional M1 (Feydy et al., 2002; Stinear et al., 2007) . In hemiparetic stroke patients with heterogenous subcortical lesions, the degree of loss in the functional integrity of the corticospinal system, measured using transcranial magnetic stimulation (TMS) that tests the composite excitability of several elements of the descending motor system (e.g., cortical circuitry, corticospinal tract, spinal circuitry), has been shown to be correlated with increased motor task-related activity in several sensorimotor cortices of the ipsilesional and contralesional hemispheres . Together, these findings suggest that amidst the variability in lesion location and size among hemiparetic stroke patients, the extent of functional reorganization in ipsilesional and contralesional hemispheres relates to damage of key components of the descending motor system (i.e., M1 and CST). To our knowledge, however, no study has examined whether there exists a quantitative relationship between the extent of structural damage to the CST and motor task-related functional reorganization in hemiparetic stroke patients. Therefore, the purpose of the current study was to examine the relationship between the extent of www.elsevier.com/locate/ynimg NeuroImage 39 (2008) 1370 -1382 structural damage to the CST and motor task-induced cortical activity in chronic hemiparetic stroke patients with variable lesion size and location.
To accomplish our goal, structural magnetic resonance imaging (MRI) and functional MRI (fMRI) were conducted in a cohort of chronic hemiparetic stroke patients with heterogeneous lesions. The extent of structural damage of the CST was quantified using two approaches. One approach used morphometry of the cerebral peduncles based on conventional structural magnetic resonance images. The ipsilesional cerebral peduncle of hemiparetic stroke patients atrophies over time due to Wallerian degeneration of the CST, and this atrophy can be detected with structural imaging (Feydy et al., 2002; Kuhn et al., 1989; Stovring and Fernando, 1983; Warabi et al., 1987 Warabi et al., , 1990 .
The second approach for quantifying the extent of structural damage of the CST employed diffusion tensor imaging (DTI), an MRI technology that measures the random diffusion of water molecules (Basser et al., 1994; Pierpaoli et al., 1996) . The diffusion measurements can be used to calculate the fractional anisotropy (FA) metric that reflects the degree of directional preference in water diffusion (Basser, 1995) . DTI studies in hemiparetic stroke patients have reported early (Thomalla et al., 2004) , progressive (Moller et al., 2007; Thomalla et al., 2005) , and chronic (Pierpaoli et al., 2001; Werring et al., 2000) loss of FA along the ipsilesional CST reflective of Wallerian degeneration. Tractography applied to DTI data can be used to reconstruct major cerebral white matter tracts by successively following the path of the preferred direction of water diffusion when FA is higher than a selected threshold (Basser et al., 2000; Conturo et al., 1999; Jones et al., 1999b; Mori et al., 1999) . Tractography was used recently to reveal a reduced number of reconstructed ipsilesional CST fibers in patients with congenital hemiparesis (Thomas et al., 2005) . We reasoned that in chronic hemiparetic stroke patients, there would be a reduced number of reconstructed ipsilesional CST fibers proportionate to the extent of structural damage to the ipsilesional CST caused by primary axonal damage or Wallerian degeneration. Therefore, in the current study, the number of reconstructed fibers of the ipsilesional CST was measured to quantify structural damage of the CST in the chronic stroke patients.
We examined the relationship between the morphometry-and tractography-based approaches employed to measure structural damage of the ipsilesional CST, and correlated each against motor task-related cortical activation measured using fMRI. Characterizing a quantitative relationship between structural damage of the CST and functional activation in stroke patients would be expected to advance our understanding of the factors driving functional reorganization after stroke.
Materials and methods

Subjects
Ten patients with chronic stroke, former in-patients at Greater Boston area hospitals, were enrolled (Table 1) . These patients fulfilled the following entry criteria: (1) first-ever ischemic stroke incurred N 6 months earlier; (2) acute unilateral loss of hand strength to ≤ 4 on the Medical Research Council (MRC) scale (0-5, 5 = normal) (Medical Research Council, 1976 ) based on physician notes entered into the medical record of the initial hospitalization within~24 h after stroke; (3) no prior or subsequent symptomatic stroke; (4) able to competently perform the motor task applied during fMRI with the affected and unaffected hands; (5) language and cognitive status sufficient to allow full cooperation with study procedures. Notably, the stroke location and size among the patients were heterogeneous (Table 1, Fig. 1 ). All patients had received and completed physical rehabilitation after their stroke. Premorbid hand dominance was evaluated by having the patients complete the Edinburgh Inventory (Oldfield, 1971 ) based on recall. Some data acquired from these patients have been used for other analyses, the results of which have been recently described (Schaechter and Perdue, 2007) .
For the purpose of characterizing the morphometric and tractography approaches for measuring structural integrity of the CST, we also enrolled 10 normal healthy subjects with no history of stroke and a normal neurological examination. Hand dominance was determined by the Edinburgh Inventory (Oldfield, 1971) . The normal subjects were well matched to the stroke patients for age (normals: 60 ± 10 years; patients: 59 ± 11 years; mean ± standard deviation (SD)), handedness (normals and patients: 9 right hand dominant, 1 left hand dominant), and gender (normals: 3 females; patients: 4 females). All subjects provided written informed consent in accordance with the Human Subjects Committee of the Partners Institutional Review Board.
Behavioral testing
Motor function of the affected and unaffected hands of the stroke patients was assessed using two tests. Maximum speed of index finger tapping was measured in 2 × 10-s trials (Shimoyama et al., 1990) . Fine manual dexterity was measured using the Purdue Pegboard test in 3 × 30-s trials (Desrosiers et al., 1995; Tiffin and Asher, 1948) . As independent finger movement, finger movement speed, and fine manual dexterity are motor functions impaired by damage to the CST (Wiesendanger, 1984) , these tests relate to structural integrity of the CST. Test scores were averaged over trials. Average test scores for the affected hand were normalized by dividing by the average test scores of the unaffected hand, multiplied by 100, and reported in percent.
Motor task during fMRI
The motor task performed by the patients during fMRI was unilateral flexion/extension of the five digits in unison, with the digits moving through their full range-of-motion at 0.25 Hz (1 cycle per 4 s). Movement epochs (22.5 s × 5) alternated with rest epochs (22.5 s × 6) in which the hand fully relaxed. Separate functional runs were conducted during performance of each hand of the patients, with the hand performing first randomized across patients. Conditions were cued by visual stimuli generated by a Macintosh G3 iBook running MacStim software (v2.6), back-projected onto a translucent screen, and viewed via a tilted mirror. Movement stimuli were schematic representations of a hand that alternated every 2 s between digit flexion and extension, and were colored green for the 22.5-s epoch, except for the last 2.5 s when the schematic changed to red to cue preparation to stop moving. Stimuli cueing rest were shaped as an asterisk, sized similar to the movement stimuli, and alternated between being colored blue and red at the same frequency as the movement stimuli (every 2 s). Before scanning, patients were trained until they could comfortably perform the motor task with either hand.
Monitoring motor task performance during fMRI
Motor task performance was recorded on-line from the patients using a custom-built device that has been described previously in detail (Schaechter et al., 2006) . The device utilizes micro-electromechanical system (MEMS) gyroscopes to measure angular velocity of each of the ten digits. The angular velocity data were used to compute the mean duration, frequency, amplitude, speed, acceleration, and jerk of the five digits of the moving hand, as well as mirror movements of the hand contralateral to the taskperforming hand, as described previously (Schaechter et al., 2006; Schaechter and Perdue, 2007) .
Image acquisition
Magnetic resonance images were acquired using a 3T Siemens Trio magnetic resonance scanner and a transmitter/receiver Bruker circular polarization head coil. With the subject lying supine on the scanner bed, a custom-formed bite bar was used to limit head motion. For patients participating in fMRI, the elbows were slightly flexed so that both pronated forearms rested on the lower trunk and thighs. Splints were used to support the wrists at about 20°extension. Straps and cushions were used to stabilize the trunk and arms.
Blood oxygenation level-dependent (BOLD) images were acquired from the patients using a T2*-weighted gradient-echo, echo planar imaging sequence (repetition time (TR) = 1500 ms; echo time (TE) = 30 ms; flip angle (α) = 90°; field-of-view (FOV) = 200 mm × 200 mm; matrix size = 64 × 64; slice thickness = 5 mm; Table 1. interslice gap = 1 mm; number of slices = 23; acquisitions/slice = 165) equipped with automatic alignment of the slices parallel to the intercommissural plane (van der Kouwe et al., 2005) and prospective acquisition correction of head motion (Thesen et al., 2000) . BOLD image collection was preceded by four dummy scans to allow for equilibration of the MRI signal.
Structural volumes were collected from all subjects using a T1-weighted MPRAGE sequence (TR = 7 ms; TE = 3 ms; α = 7°; FOV = 256 × 256 mm; matrix size = 192 × 256; effective slice thickness = 1.33 mm). These images were used for cortical surface reconstruction, anatomical localization of functional activity, and morphometry of the cerebral peduncles.
T2-weighted turbo spin-echo images (TR = 5300 s; TE = 103 ms; α = 180°; FOV = 210 × 210 mm; matrix size = 256 × 256) were obtained from the patients for determination of lesion location and volume, using the same slice specifications as for the BOLD images.
Diffusion tensor images were collected from all subjects using a single-shot, twice-refocused spin echo (Reese et al., 2003) sequence (TR = 10.7 s; TE = 91 ms; α = 90°; FOV = 256 × 256 mm; matrix size = 128 × 128; slice thickness = 2 mm; interslice gap = 0 mm; number of acquisitions = 70, 60 non-collinear directions with bvalue 700 s/mm 2 , 10 with b-value 0 s/mm 2 ; voxel size = 2 × 2 × 2 mm; number of slices = 75) with automatic alignment of the slices parallel to the intercommissural plane (van der Kouwe et al., 2005) . These images were used for tractography of the CST.
Image analysis Tractography
The DTI task card software (v1.70) run on a Siemens Medical Solutions Numaris 4 satellite console (www.nmr.mgh.harvard.edu/ rpwang/siemens/dti_taskcard) was used for analysis of the DTI data. Visual inspection of the diffusion-weighted images acquired from each of the stroke patients and normal subjects revealed no artifacts and stable head position. The mean post-averaged signalto-noise ratio of the diffusion-weighted images across the subjects was 20. The diffusion tensor, associated eigensystem, and FA metric were calculated at each voxel using a linear least square regression method.
The CST in each hemisphere was reconstructed using a fiber assignment by continuous tracking (FACT) algorithm (Basser et al., 2000; Conturo et al., 1999; Jones et al., 1999b; Mori et al., 1999) using two regions-of-interest (ROIs), the precentral gyrus and the posterior limb of the internal capsule (PLIC). Great care was taken to standardize placement and size of the ROIs bilaterally. The size of the left relative to the right precentral gyrus ROI across the subjects was 0.98; this ratio for the PLIC ROIs was 1.00. The precentral gryus ROI was drawn on the single axial slice of the image with no diffusion weighting (b-value 0 s/mm2) in which the precentral and central sulci of the hand knob region (Yousry et al., 1997) were most noticeable (14-20 mm inferior from the vertex of the brain). The remaining borders of the precentral gyrus ROI were the interhemispheric fissure medially and the surface of the brain laterally. Based on extensive pilot testing of CST tractography for within-subject reproducibility (see below), we opted to draw the PLIC ROI on four consecutive axial slices, with the most inferior axial slice displaying: (i) marked hyperintensity in this white matter region on the FA map, and (ii) anterior and posterior horns of the lateral ventricle as well as the third ventricle in the image with no diffusion weighting. The PLIC ROI was delimited medially by the thalamus; laterally by the globus pallidus;
anteriorly by the genu of the internal capsule; and posteriorly at the level of the posterior thalamus. For images from patients in which the stroke involved the PLIC or distorted the PLIC region due to brain atrophy (Patients #1, 2, 3, 5 and 8), the ipsilesional PLIC ROI was (i) drawn on each of the same four consecutive axial slices as the PLIC ROI in the opposite hemisphere, (ii) positioned in the hyperintense region of the FA map that approximately mirrored the position of the PLIC ROI in the opposite hemisphere, and (iii) sized to approximate that of the PLIC ROI in the opposite hemisphere.
Fiber tracts were reconstructed using the precentral gyrus ROI and each of the ipsilateral PLIC ROIs in two stages. First, voxels of the precentral gyrus ROI served as seeds and the PLIC ROI served as the target. Then, voxels of the PLIC ROI served as seeds and the precentral gyrus ROI served as the target. Tracking followed the direction of fastest diffusion in 0.5 mm step lengths, and was terminated if FA was less than 0.15 or the tract angle between successive steps was greater than 20°. These parameters are similar to those used by others who applied the FACT algorithm for CST reconstruction (Holodny et al., 2005; Moller et al., 2007; Sage et al., 2007; Thomas et al., 2005) . All fibers reconstructed between the two ROIs were considered to be the CST. The reconstructed CST fibers were found to pass through the posterior portion of the PLIC, consistent with tract tracing studies in monkeys that showed this region to contain fibers descending from the arm region of the M1 (Fries et al., 1993; Morecraft et al., 2002) . Prior tractography studies in humans have also observed reconstructed CST fibers descending from the precentral gyrus to course through this posterior region of the PLIC (Holodny et al., 2005; Newton et al., 2006) . In most patients (#1, 2, 3, 4, 5, 6, and 8), the reconstructed CST fibers were observed to abut the region of the infarct, visualized as a hyperintense region in images with the no diffusion weighting (see Supplementary Material). In the remaining patients, the reconstructed CST fibers were observed to course through (Patient #7) or were remote from (Patients #9 and 10) the hyperintense region.
The number of reconstructed CST fibers between the precentral gyrus ROI and each PLIC ROI was counted. While the number of reconstructed fibers relative to the real number of axons within a tract is not known (Johansen-Berg and Behrens, 2006) , counting the number of reconstructed fibers has been used previously to estimate structural integrity of major white matter pathways (Thomas et al., 2005) . Extensive pilot testing was conducted to evaluate the effect on the number of reconstructed CST fibers as a function of which axial slice the PLIC and precentral gyrus ROIs were drawn. We did find some within-subject variability (approximately 20%) in CST fiber count depending on which slice the PLIC ROI was drawn. The variability in CST fiber count associated with shifting the PLIC ROI superiorly/inferiorly was due to voxels along the medial and lateral borders of the PLIC containing differential fractions of gray matter. This partial volume effect yields an estimate of the diffusion tensor and eigensystem that does not reflect the true diffusion properties of the biologic tissue, resulting in inaccuracies in tract reconstruction to and from these voxels. To minimize the impact of these inaccuracies on estimating CST damage, we opted to average ipsilaterally the number of reconstructed CST fibers connecting the precentral gyrus ROI to each of the four PLIC ROIs. In contrast, we found only minor differences (b 5%) in CST fiber count when the slice on which the precentral gyrus ROI was drawn was shifted superiorly or inferiorly (2-4 mm). This lack of effect of precentral gyrus ROI slice selection held true even for the one patient (#9) whose stroke involved the superior aspect of the precentral gyrus. The infarct in this patient involved tissue lateral to the hand knob region, and was thus lateral to the white matter region where reconstructed CST fibers typically coursed.
The average number of reconstructed CST fibers counted in one hemisphere was normalized to that of the other hemisphere. For patients, this normalization was conducted by dividing the average ipsilesional CST fiber count by the average contralesional CST fiber count. For normal subjects, the average left hemisphere CST fiber count was divided by the average right hemisphere CST fiber count. These ratios were multiplied by 100 to convert to percent, with higher percent values reflecting greater structural integrity of the ipsilesional CST. Percent values were used in subsequent analyses.
Morphometry
An experienced neuroradiologist, who was blind to the tractography-based measurements of CST integrity, used Alice software (Hayden Image Processing Solutions, Denver, CO) to measure the cross-sectional area of the left and right cerebral peduncles based on the T1-MPRAGE images acquired from each subject. As the structural images were acquired using an automated slice positioning procedure (van der Kouwe et al., 2005) , the slices were symmetric left to right. For each set of images, the single axial slice in which the lateral notch most prominently divided the tegmentum from the crus cerebri was selected. A line was drawn from the notch perpendicular to the long axis of the crus cerebri. As the substantia nigra was not clearly distinguished from the cerebral peduncle in the T1-weighted images, the line was drawn through the substantia nigra. The cross-sectional area of the cerebral peduncle was measured bilaterally. Images from some patients (#2, 3, 5, and 8) showed T1 signal hypointensity in the ipsilesional cerebral peduncle. This hypointense region was included in the cross-sectional area measurement. The ipsilesional peduncle area from the patients was divided by the contralesional peduncle area. For normal subjects, the left peduncle area was divided by the right peduncle area. These ratios were multiplied by 100 to convert to percent, with higher percent values reflecting greater structural integrity of the ipsilesional CST. Percent values were used in subsequent analyses.
Lesion volume
An experienced neuroradiologist manually outlined the signal abnormality slice by slice in T2-weighted images acquired from the patients using Alice software, and computed the total volume of lesioned tissue.
fMRI
We wished to compare cortical activation during affected versus unaffected hand movement in patients on a voxel-by-voxel basis. To accomplish this comparison, images were processed so that the left hemisphere was always contralateral to the moving hand, and the right hemisphere was always ipsilateral to the moving hand. Accordingly, BOLD and MPRAGE images were processed in their native orientation as well as after being flipped across the midsagittal plane.
Freesurfer software (http://surfer.nmr.mgh.harvard.edu) was used to compute a model of the cortical surface based on the MPRAGE images using procedures described in detail previously (Dale et al., 1999; Fischl et al., 1999a) . Each cortical surface model was spatially normalized to a spherical surface template using an automated procedure that optimally aligns major cortical gyri and sulci (Fischl et al., 1999b) , then transformed, using SUMA software (http://afni.nimh.nih.gov/afni/suma), to a standard cortical surface composed of nodes forming a triangular mesh.
Preprocessing and statistical analysis of functional images were performed using AFNI software (http://afni.nimh.nih.gov/afni). The functional volumes from each patient were preprocessed by correcting retrospectively for motion, normalizing signal intensity, and co-registering with the structural volume. The BOLD data along the normal vector through the gray/white matter border-pial surface was mapped to the standard cortical surface. The surfacemapped BOLD data were spatially smoothed using a twodimensional Gaussian filter (Chung et al., 2003) with a full-width at half maximum of 6 mm.
Statistical analysis of the functional data was conducted using a general linear model fit at each node of the cortical surface, with data acquired during affected and unaffected hand movement fit separately. The model included a stimulus input function defined as a boxcar convolved with a canonical hemodynamic response, baseline and linear drift terms, and motion-correction parameters as nuisance regressors. The resultant beta coefficient maps that reflect BOLD signal change during motor task performance relative to rest were entered into two-tailed one-sample t-tests to evaluate groupaverage activation during affected and unaffected hand movement, and into two-tailed paired t-tests to evaluate within-group differences in activation during affected versus unaffected hand movement.
Linear regression analyses were conducted to examine the possible relationship between cortical activation during affected hand movement in the patients and each of 10 structural and behavioral measures. Each of 10 analyses fit a simple linear regression model at each cortical surface node to determine the correlation across the patients between activation (beta coefficient; BOLD signal change, in percent) and (i) structural integrity of the ipsilesional CST measured by tractography (in percent); (ii) structural integrity of the ipsilesional CST measured by morphometry (in percent); (iii) lesion volume (in cm 3 ); (iv) affected hand motor function measured by index finger tapping speed (in percent); (v) affected hand motor function measured by the Purdue Pegboard test (in percent); and (vi-x) each kinematic parameter (amplitude, speed, acceleration, jerk, mirroring) of task performance measured during fMRI. Two additional regression analyses were conducted at each cortical surface node to examine the correlation between activation during unaffected hand movement in the patients and structural integrity of the ipsilesional CST measured by tractography and morphometry.
Group-level statistical maps were corrected for multiple comparisons by controlling for false positives using a combination of individual node-level probability and minimum cluster size (Forman et al., 1995) , values determined from Monte Carlo simulations (10,000 iterations) performed on synthesized white Gaussian noise data. One-sample t-test maps were corrected to a cluster-wise significance level of 0.01 by setting the individual node probability to 0.01 and minimum cluster size to 234 mm 2 . The paired t-test map and regression maps were corrected to a cluster-wise significance level of 0.05 by setting the individual node probability to 0.05 and minimum cluster size to 323 mm 2 . Regression maps in which the individual node probability was set at 0.10 and minimum cluster size to 405 mm 2 were considered to exhibit a cluster-wise nonsignificant trend at a level of 0.10.
In cortical regions exhibiting a correlation between structural integrity of the CST and activation during affected hand movement (see Results), we determined the cortical node exhibiting the most significant correlation, and plotted CST integrity (based on tractography and morphometry, in percent) against BOLD signal change (in percent) at this node for each patient.
Statistical analysis
Results are expressed as the mean ± SD. StatView (version 4.5) was used for statistical procedures. Differences in behavioral scores and kinematic parameters of fMRI task performance associated with the affected hand versus the unaffected hand of the patients were evaluated using two-tailed paired t-tests. Differences in CST integrity associated with the patients versus normal subjects were evaluated using two-tailed unpaired t-tests. Pearson's correlation coefficient was used to evaluate the relationship between the two metrics of CST integrity, as well as each metric of CST integrity versus each behavioral measure of affected hand motor function. The significance of a correlation was determined using a z-test following Fisher's r to z transformation. Alpha was set to 0.05 for all tests.
Results
Behavioral testing
Behavioral testing revealed that the chronic stroke patients exhibited a range of motor function of the affected hand (~30 to 100% function relative to the unaffected hand; Table 2 ). On a group basis, the affected hand exhibited significant residual motor impairments evidenced by reduced index finger tapping speed (affected hand: 2.6 ± 1.0 taps/s, unaffected hand: 3.7 ± 1.0 taps/s; P b 0.05, paired t-test) and fine manual dexterity measured by the Purdue Pegboard test (affected hand: 9.6 ± 3.3 pegs, unaffected hand: 12.9 ± 1.6 pegs; P b 0.05, paired t-test).
Motor task performance during fMRI
Analysis of the finger motion sensor data acquired during fMRI revealed no significant differences in the kinematics of the motor task performed by the affected hand compared to the unaffected hand of the patients (each P N 0.05, paired t-test; Table 3 ).
Furthermore, there was no significant difference in mirror movements of the "resting" hand when the motor task was performed by the affected hand (0.12 ± 0.80%) compared to the unaffected hand (0.16 ± 0.42%).
Structural integrity of the CST
Figs. 2A and B shows an example of measurements of the structural integrity of the CST in a stroke patient (#5) using the tractography and morphometry approaches. Tractography revealed significantly less symmetry in the number of reconstructed CST fibers in the two hemispheres of the patients compared to the normal subjects (patients: 55 ± 23%; normals: 101 ± 12%; P b 0.0001, unpaired t-test). Similarly, morphometry revealed significantly less symmetry in the cross-sectional area of the cerebral peduncles in the patients relative to normals (patients: 78 ± 14%; normals: 96 ± 9%; P b 0.005, unpaired t-test). In the patients, structural integrity of the ipsilesional CST measured using the two approaches was strongly and significantly correlated (r = 0.83; P b 0.005; Fig. 2C ).
Functional activation
Group-level analysis of the fMRI data acquired from the patients revealed that affected hand movement elicited marked activation in the hand area of the sensorimotor cortex (i.e., M1, primary somatosensory cortex (S1), premotor cortex) (Yousry et al., 1997) in the contralateral (ipsilesional) hemisphere (clusterlevel corrected P b 0.01, one-sample t-test; Fig. 3A) . Activation in the contralateral hemisphere was also observed in the posterior parietal cortex, supplementary motor area, and cingulate cortex. Affected hand movement elicited activation in several regions of the ipsilateral (contralesional) hemisphere as well, in the hand area of the M1 and premotor cortex, posterior parietal cortex, frontal operculum, parietal operculum, supplementary motor area, and cingulate cortex. Movement of the unaffected hand of the patients elicited a similar pattern of activation as described for the affected hand, yet with additional clusters of significant activation in the contralateral parietal operculum and frontal operculum, and lacking significant activation in the ipsilateral M1, frontal operculum, and posterior parietal cortex (Fig. 3B) . Within-group comparison revealed significant increases in activation during affected hand movement relative to unaffected hand movement in two regions of the ipsilateral (contralesional) hemisphere (cluster-level corrected P b 0.05, paired t-test; Fig. 3C ). One region was in the hand area of the sensorimotor cortex, involving the posterior bank of the precentral gyrus (corresponding to area 4, Geyer et al., 1996) ; crown and anterior bank of the precentral gyrus (corresponding to area 6, Geyer et al., 1996 Geyer et al., , 2000 ; central sulcus (corresponding to area 3a, Geyer et al., 1999) ; and anterior bank of the postcentral gyrus (corresponding to area 3b, Geyer et al., 1999) . The second region was in the supplementary motor area extending into the cingulate cortex.
Correlations
We examined the linear relationship between structural integrity of the ipsilesional CST and functional activation during affected hand movement in the patients. Structural integrity of the ipsilesional CST, measured by tractography, was found to be significantly (cluster-level corrected P b 0.05) and negatively correlated with functional activation in two cortical regions (Fig. 4) . One region was in the hand area of the contralesional M1/S1. More specifically, this region was located in the posterior bank of the precentral gyrus (putative area 4); central sulcus (putative area 3a); anterior bank of the postcentral gyrus (putative area 3b); crown of the postcentral gyrus (corresponding to area 1, Geyer et al., 1999) ; and posterior bank of the postcentral gyrus (corresponding to area 2, Grefkes et al., 2001) . The second region was in the ipsilesional M1/S1
(putative areas 4, 3a, 3b, 1, and 2) ventral to the hand area. Examination of this relationship using the morphometric measure of ipsilesional CST integrity similarly revealed a significant (cluster-level corrected P b 0.05) negative correlation in the hand area of the contralesional M1/S1, though only a nonsignificant trend (cluster-level corrected P b 0.10) in the ipsilesional M1/S1 ventral to the hand area. The two M1/S1 regions exhibiting a correlation between activation and the tractography-based measurement of CST integrity overlapped with the two regions exhibiting a correlation between activation and the morphometry-based measurement of ipsilesional CST integrity. There was no cortical area exhibiting a significant positive correlation between structural integrity of the ipsilesional CST, measured using either tractography or morphometry, and activation during affected hand movement. There was also no cortical area exhibiting a significant correlation between activation during unaffected hand movement and ipsilesional CST integrity measured using either approach. These results suggest that poorer structural integrity of the ipsilesional CST (i.e., greater structural damage of the CST) in the chronic stroke patients was associated with proportionate increases in motor task-related activation in two M1/S1 regions remote to the hand area of the ipsilesional sensorimotor cortex.
We examined whether the ventral region of the ipsilesional M1/ S1 in which we observed a correlation between activation and structural damage of the CST involved the infarct in any patient. We found that the infarct in one patient (#9) overlapped with the precentral gyrus portion of the ventral, ipsilesional M1/S1 region. Eliminating this overlapping region from the regression analysis that used the tractography-based measurement of CST integrity still yielded a cluster that was significant at a corrected cluster-wise corrected level of 0.05. Similarly, eliminating this overlapping region from the regression analysis that used the morphometrybased measurement of CST integrity still yielded a cluster that exhibited a nonsignificant trend at a cluster-wise corrected level of P b 0.10.
We examined the linear relationship between cortical activation during affected hand movement and several structural and behavioral measures. We found no cortical area exhibiting a significant correlation between activation during affected hand movement and (i) lesion volume; (ii) affected hand motor function measured by index finger tapping speed or the Purdue Pegboard test; or (iii) any kinematic parameter (amplitude, speed, acceleration, jerk, mirroring) measured by the finger motion sensors during fMRI.
We tested the linear relationship between affected hand motor function and ipsilesional CST integrity. We found modest correlations, though not reaching statistical significance, between affected hand motor function measured by the Purdue Pegboard test and ipsilesional CST integrity based on tractography (r = 0.59, P= 0.07) and morphometry (r = 0.55, P= 0.10). Poorer correlations were found between affected hand motor function measured by index finger tapping speed and either approach for estimating ipsilesional CST integrity (tractography: r = 0.50, P = 0.15; morphometry: r = 0.30, P= 0.40).
Discussion
The current study examined the relationship between the extent of structural damage to the CST, the major pathway in the brain controlling hand motor performance, and functional activation in chronic hemiparetic stroke patients with heterogeneous lesions. We found that reduced structural integrity (i.e., greater structural damage) of the ipsilesional CST correlated with increased activation during affected hand movement in the hand area of the contralesional M1/S1 and in the ipsilesional M1/S1 ventral to the hand area. Previous studies in hemiparetic stroke patients showed that focal damage to the PLIC, hence presumably the CST, was associated with increased activation in the hand area of the Fig. 4 . Correlation between structural integrity of the ipsilesional CST and cortical activation in chronic stroke patients during affected hand movement. Left column shows cortical regions in the contralesional (top row) and ipsilesional (bottom row) hemispheres exhibiting this correlation, when CST integrity was measured using tractography or morphometry, and the region of overlap. These regions are displayed on the group-average, inflated cortical surface and, in insets, on the folded surface in the region of the central sulcus. Note that the contralesional region is located in the hand area of the M1/S1, whereas the ipsilesional region is located ventral to the hand area of the M1/S1. Clusters are significant at a corrected level of P b 0.05, with the exception of the ipsilesional M1/S1 cluster identified using morphometry that showed a correlation at a corrected level of P b 0.10. The middle and right columns are plots of these relationships at the cortical node of maximum correlation within each cluster when CST integrity was measured using tractography or morphometry.
contralesional M1/S1 (Lotze et al., 2006; Loubinoux et al., 2003; Tombari et al., 2004) and ventral, ipsilesional M1/S1 (Weiller et al., 1993) relative to that in controls. The current study provides the first demonstration, to our knowledge, of a quantitative relationship between the extent of structural damage to the CST and cortical activation in stroke patients with variable lesion size and location.
Measurement of CST damage
The extent of structural damage to the CST was quantified in vivo in the chronic stroke patients using two independent approaches based on MRI-morphometry and tractography. Our morphometry approach measured the cross-sectional area of the cerebral peduncles in the chronic stroke patients. Sequential changes in signal intensity in the ipsilesional cerebral peduncle, likely reflecting axonal and myelin degradation, have been previously observed over the first months to years after hemiparetic stroke using conventional structural imaging Kuhn et al., 1989; Orita et al., 1994) . Cerebral peduncle atrophy is a relatively late manifestation of Wallerian degeneration of the CST typically observed within the first years after stroke Kuhn et al., 1989; Stovring and Fernando, 1983) , though has been reported to occur by 6 to 8 months after stroke. Thus, our finding of atrophy of the ipsilesional cerebral peduncle in the stroke patients who incurred a stroke at least 6 months earlier is consistent with Wallerian degeneration of the ipsilesional CST.
Our tractography approach for measuring the extent of structural damage to the CST detected a reduced number of reconstructed ipsilesional CST fibers in the chronic stroke patients. This result parallels the recent finding made by Thomas et al. (2005) who reported a reduced number of reconstructed CST fibers ipsilesionally in children with hemiparetic cerebral palsy. Several mechanisms may have contributed to our observed decrease in reconstructed ipsilesional CST fibers. In chronic stroke patients, there is loss of diffusion anisotropy in white matter directly damaged by the infarct due to axonal degeneration and gliosis, and at remote white matter sites affected by Wallerian degeneration (Jones et al., 1999a; Wieshmann et al., 1999; Yang et al., 1999) . Severe loss of FA in CST axons could have reduced the number of reconstructed ipsilesional CST fibers by causing premature termination of tracking from seed to target. Less severe loss of FA in CST axons may have permitted tracking, though a change in the preferred direction of diffusion may have caused the reconstructed path to deviate from the real CST. Such deviant paths may have failed to hit the target ROI, contributing to the reduced number of reconstructed CST fibers. It is also possible that compression of intact CST fibers, due to stroke-related tissue loss and ventricular expansion, could have contributed to the reduced number of reconstructed CST fibers. The relative impact these mechanisms had on reducing the number of reconstructed ipsilesional CST fibers in the chronic stroke patients is not known.
The tractography-and morphometry-based measures of structural damage to the CST in the chronic stroke patients were highly correlated (r = 0.83), indicating relatively high concurrent validity. The correlations relating CST damage to functional activation, and CST damage to hand motor function measures, were higher with use of tractography compared to morphometry. This result suggests that tractography may provide a more accurate estimate of ipsilesional CST damage than morphometry, though further study involving a larger cohort of chronic stroke patients is required. Also noteworthy are the higher correlations between CST damage (measured by tractography or morphometry) and the Purdue Pegboard test compared to index finger tapping speed, consistent with the strong reliance of fine manual dexterity on the CST (Wiesendanger, 1984) .
Both approaches for quantifying CST damage relied on timedependent degenerative processes occurring after stroke. The time interval between the stroke and study enrollment varied among the patients in the current study (0.5-5.9 years). This variability may have affected our morphometry-and tractography-based measurements of CST damage since degenerative processes may have evolved to different points among the patients. However, the observed high correlation between the two measures suggests that the relative magnitude of degenerative changes among the patients was more robust than potential error introduced by differences in stroke chronicity.
It is possible that our morphometry-based measurement of CST damage involved some error due to the fact that the cerebral peduncle contains not only the CST but also other corticofugal tracts (e.g., frontopontine fibers) (Carpenter, 1976) , and the measured area included the substantia nigra. In our patients with heterogenous lesions, Wallerian degeneration of corticofugal axons other than those of the CST may have contributed to atrophy of the ipsilesional peduncle.
A possible source of error in our tractography-based measurement of CST damage may have stemmed from the known limitation in estimating the orientation of fibers at each voxel using a single tensor model. There are voxels along the longitudinally oriented CST that also contain other major tracts with a different orientation (e.g., superior longitudinal fasciculus oriented in the anterior-posterior direction). In these voxels containing crossing fibers, diffusion anisotropy will be reduced, resulting in some of the CST not being detected by tractography based on single tensor modeling. The specific location of the stroke in the patients relative to the CST fibers not detected by tractography may have contributed to an error in estimating CST damage. Such a potential error might be minimized in future studies by applying multiorientation diffusion modeling (Behrens et al., 2007) or model-free imaging (Wedeen et al., 2005) .
Ipsilesional CST damage and functional activation
We found that poorer structural integrity of the ipsilesional CST was correlated with increased activation in bilateral M1/S1 in the chronic stroke patients. A recent study by Ward et al. (2006) examined the correlation between functional integrity of the corticospinal system, measured using TMS, and brain activation in chronic subcortical stroke patients. Consistent with our results, they found significant negative correlations in the hand region of the contralesional area 4a of the M1 and area 1 of the S1, as well as in a ventral region of the ipsilesional area 4p of the M1. However, whereas Ward and colleagues found correlations in these discrete areas of the M1 and S1, we detected significant correlations in broader regions of the M1 (involving putative area 4p as well as putative area 4a), and the S1 (involving putative areas 3a, 3b, and 2 as well as area 1). Furthermore, Ward and colleagues found significant correlations in several secondary sensorimotor cortices of the ipsilesional and contralesional hemispheres. One possible reason for these different results is that the Ward study measured functional integrity of the corticospinal system, whereas the current study measured structural integrity of the CST. Structural integrity of the CST is one of several components influencing the functional integrity of the corticospinal system. Another factor may have been that the two studies utilized different motor tasks during fMRI (Ward et al.: handgrip at varying forces; current: digit flexion/extension). These tasks may have elicited brain activation that differed with regard to magnitude and distribution of activation, contributing to differences in the correlation between activation and corticospinal tract/ system integrity.
Cortical activation during affected hand movement of the patients was found to be greater in the hand area of the ipsilateral (contralesional) M1/S1 compared to that during unaffected hand movement. This result is consistent with several other reports that demonstrated enhanced motor task-related activation in the contralesional M1/S1 in hemiparetic stroke patients relative to controls (Butefisch et al., 2005; Chollet et al., 1991; Cramer et al., 1997; Foltys et al., 2003; Gerloff et al., 2006; Lotze et al., 2006; Schaechter and Perdue, 2007; Weiller et al., 1993) . The functional significance of enhanced contralesional activation in stroke patients has been much debated. This debate has been due, in part, to inconsistent results of TMS studies that found that inactivation of the contralesional M1 in hemiparetic stroke patients improved (Mansur et al., 2005; Takeuchi et al., 2005) , degraded (Lotze et al., 2006) , or left unchanged (Werhahn et al., 2003) motor performance of the affected hand. The current findings suggest that the degree of enhanced motor task-related activation in the contralesional M1/S1 of chronic stroke patients is directly proportionate to the extent of damage of the ipsilesional CST. They do not allow us to clearly determine whether this regional increase in activation played a functional role in compensating for the ipsilesional CST damage in the patients. It is noteworthy, however, that detailed kinematics (amplitude, speed, acceleration, jerk, mirroring) of the movement performed by the affected hand during fMRI were not significantly different from the kinematics of unaffected hand movement. TMS-induction of an M1 "virtual lesion" in normal adults has been shown to enhance excitability of the "contralesional M1" without a measurable loss in hand motor function (Schambra et al., 2003) . Accordingly, it is conceivable that the enhanced contralesional M1/S1 activation observed in the chronic stroke patients might reflect altered interhemispheric interactions that provided compensatory support for voluntary movement of the affected hand in face of the ipsilesional CST damage.
Poorer structural integrity of the ipsilesional CST was also associated with increased activation in the ventral region of the contralateral (ipsilesional) M1/S1 during affected hand movement in the patients. Notably, the level of activation in this ventral M1/ S1 region during affected hand movement was not significantly different from that occurring during unaffected hand movement. Other imaging studies suggest complex changes occurring in this ventral region of the ipsilesional M1/S1 in stroke patients. Decreased activation in the ventral, ipsilesional M1/S1 during affected hand movement has been reported in chronic stroke patients relative to controls (Zemke et al., 2003) . Conversely, increased activation in the ventral, ipsilesional M1/S1 has been demonstrated in chronic stroke patients relative to controls in association with an infarct involving the PLIC (Weiller et al., 1993) or the motor cortex (Cramer and Crafton, 2006) , and with a ventral shift in the somatotopic representation of the fingers (Cramer and Crafton, 2006) . These prior reports, considered together with the current findings, tentatively suggest that activity in the ventral region of the ipsilesional M1/S1 may be generally depressed in chronic stroke patients; yet this depression may be proportionally offset by greater CST damage.
We observed increased activation in the ipsilateral (contralesional) supplementary motor area, extended into the neighboring cingulate cortex, during movement of the affected hand relative to the unaffected hand of the chronic stroke patients. Several prior functional imaging studies have reported increased activation of these midline regions in stroke patients relative to controls, though the laterality of the enhancement has been variable across studies (Foltys et al., 2003; Nair et al., 2007; Schaechter and Perdue, 2007; Weiller et al., 1993) . We found that activation in the contralesional supplementary motor area/cingulate cortex was not, however, linearly related to the extent of CST damage. These results suggest that factors other than the severity of CST damage also contribute to reorganization of functional activity in stroke patients. These factors may include the distribution and severity of damage in the wider motor network.
A quantitative relationship between the extent of structural damage to the CST and activation in sensorimotor cortices has been demonstrated in patient populations other than stroke. Increased lesion load along the CST in patients who experienced a single attack of hemiparesis due to presumptive multiple sclerosis has been shown to correlate with increased activation in bilateral M1/S1 (Pantano et al., 2002) . Increased axonal injury along the CST has also been shown to correlate with increased activation in the contralesional motor cortex in patients with cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) (Reddy et al., 2002) . These findings, together with our results from stroke patients, suggest that CST damage to the human brain elicits a proportionate level of functional reorganization in sensorimotor cortices. Prior studies in animals similarly demonstrated that increased damage to the motor cortex resulted in a proportionate level of functional reorganization in remote sensorimotor cortices (Biernaskie et al., 2005; Dancause et al., 2006; Frost et al., 2003) . Cumulatively, these findings in humans and animals suggest that the brain may respond to structural damage of key structures involved in hand motor performance (i.e., M1 or CST) by proportionately increasing activity in remote sensorimotor cortices.
In summary, the current study demonstrated that greater structural damage to the ipsilesional CST, as measured by tractography and morphometry, was linearly related to increased motor task-related activation in bilateral M1/S1 regions remote to the ipsilesional hand area in chronic hemiparetic stroke patients with heterogeneous lesions. This finding suggests that the extent of CST damage is a factor relevant to the extent of functional reorganization in the sensorimotor cortex within the clinical population. Given that motor outcome of the patients in this study was generally good and their lesions were generally small and subcortical, future studies are needed to determine whether the structure-function relationship detected in the current study generalizes in a sample of stroke patients who represent the broader clinical population.
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